Chronic allograft nephropathy is characterized by chronic inflammation and fibrosis. Because retinoids exhibit anti-proliferative, anti-inflammatory, and anti-fibrotic functions, the effects of low and high doses of 13-cis-retinoic acid (13cRA) were studied in a chronic Fisher3443 Lewis transplantation model. In 13cRA animals, independent of dose (2 or 20 mg/kg body weight/day) and start (0 or 14 days after transplantation) of 13cRA administration, serum creatinine was significantly lower and chronic rejection damage was dramatically reduced, including subendothelial fibrosis of preglomerular vessels and chronic tubulointerstitial damage. The number of infiltrating mononuclear cells and their proliferative activity were significantly diminished. The mRNA expression of chemokines (MCP-1/CCL2, MIP-1␣/CCL3, IP-10/CXCL10, RANTES/CCL5) and proteins associated with fibrosis (plasminogen activator inhibitor-1, transforming growth factor-␤1, and collagens I and III) were strikingly lower in treated allografts. In vitro, activated peritoneal macrophages of 13cRA-treated rats showed a pronounced decrease in protein secretion of inflammatory cytokines (eg, tumor necrosis factor-␣, interleukin-6). The suppression of the proinflammatory chemokine RANTES/CCL5 ؋ 13cRA in fibroblasts could be mapped to a promoter module comprising IRF-1 and nuclear factor-B binding elements, but direct binding of retinoid receptors to promoter elements could be excluded. In summary, 13cRA acted as a potent immunosuppressive and antifibrotic agent able to prevent and inhibit progression of chronic allograft nephropathy. 
Chronic allograft nephropathy is characterized by chronic inflammation and fibrosis. Because retinoids exhibit anti-proliferative, anti-inflammatory, and anti-fibrotic functions, the effects of low and high doses of 13-cis-retinoic acid (13cRA) were studied in a chronic Fisher3443 Lewis transplantation model. In 13cRA animals, independent of dose (2 or 20 mg/kg body weight/day) and start (0 or 14 days after transplantation) of 13cRA administration, serum creatinine was significantly lower and chronic rejection damage was dramatically reduced, including subendothelial fibrosis of preglomerular vessels and chronic tubulointerstitial damage. The number of infiltrating mononuclear cells and their proliferative activity were significantly diminished. The mRNA expression of chemokines (MCP-1/CCL2, MIP-1␣/CCL3, IP-10/CXCL10, RANTES/CCL5) and proteins associated with fibrosis (plasminogen activator inhibitor-1, transforming growth factor-␤1, and collagens I and III) were strikingly lower in treated allografts. In vitro, activated peritoneal macrophages of 13cRA-treated rats showed a pronounced decrease in protein secretion of inflammatory cytokines (eg, tumor necrosis factor-␣, interleukin-6). The suppression of the proinflammatory chemokine RANTES/CCL5 ؋ 13cRA in fibroblasts could be mapped to a promoter module comprising IRF-1 and nuclear factor-B binding elements, but direct binding of retinoid receptors to promoter elements could be excluded. In summary, 13cRA acted as a potent immunosuppressive and antifibrotic agent able to prevent and inhibit progression of chronic allograft nephropathy. Chronic allograft nephropathy (CAN) is an important cause of graft loss in renal transplantation. 1, 2 It is a complex disease resulting from interactions between humoral and cellular immune responses and nonimmunological factors. [1] [2] [3] Clinically, CAN is manifested by a gradual deterioration of renal function often accompanied by hypertension and proteinuria. Histopathologically, it is characterized by hyalinosis and fibrosis of preglomerular vessels, transplant glomerulopathy, glomerulosclerosis, interstitial fibrosis with a variable degree of mononuclear cell infiltrate, and tubular atrophy. 2, 3 The cellular and molecular mechanisms involved in development of CAN have not been elucidated in detail. A number of proinflammatory and fibrogenic mediators such as interleukin (IL)-1, interferon (IFN)-␥, transforming growth factor (TGF)-␤, platelet-derived growth factor, endothelin, and angiotensin II are thought to be involved in various stages of the chronic inflammatory and reparative process. 1 There are indications that chemokines such as RANTES/CCL5 and IP-10/CXCL10 also contribute to chronic rejection. 4 These proteins are synthesized and secreted by both tissue-infiltrating inflammatory cells as well as by activated graft parenchymal cells. 3 It may be postulated that master switches or transcription factors regulate this inflammatory network.
The anti-inflammatory and anti-proliferative actions of retinoids (derivatives of vitamin A) have long been known. 5, 6 Retinoids have predominantly been used for treatment of hyperplastic skin disease or hematopoietic malignancies (eg, leukemias). 6 Retinoids act via specific nuclear retinoic acid (RAR) and retinoid X (RXR) receptors, with ␣, ␤, and ␥ subtypes. These receptors are broadly expressed in the rat and human kidney 7 as well as by immunocompetent cells such as B and T cells and monocytes/macrophages. 8, 9 The retinoid receptors regulate expression of target genes either by direct binding to retinoic acid response elements or indirectly by influencing other transcription factors such as AP-1 (activator protein-1), 10 NF-B (nuclear factor-B), 11 and CREB (cAMP-responsive element binding protein). 12 In experimental models of glomerulonephritis, retinoids have recently been shown to inhibit the proliferation of mesangial cells, lower the number of infiltrating monocytes, and reduce extracellular matrix deposition without signs of vitamin A toxicity. 13, 14 In addition, retinoids have been shown to positively influence arterial remodeling after balloon catheter injury by reducing neointimal formation. 15 In an animal model of vein grafting, intimal hyperplasia was inhibited by a retinoid derivative. 16 We have previously observed that 13-cis-retinoic acid (13cRA) ameliorated rejection phenomena and preserved graft function in acute models of renal transplantation. 17 Based on these results we postulated that retinoids could prevent or moderate CAN. In addition, the potent anti-proliferative actions of retinoids led us to propose that early stages of CAN might be reversed through treatment. We examined the effects of two doses of 13cRA, a retinoic acid derivative currently in clinical use, 6 in chronic models of rat renal transplantation. Using doses of 13cRA that correspond to those used in humans significant preservation of renal function, morphology, inhibition of immune cell infiltration and proliferation, and reduction in intragraft, inflammatory cytokine/chemokine expression was observed.
Materials and Methods

Animals
Male inbred Lewis (LEW, RT1 1 ) and Fisher (F344, RT1 1v1 ) rats were purchased from Charles River GmbH, Sulzfeld, Germany. Lewis rats were used as recipients of Fisher kidney allografts. The donors as well as the recipients weighed ϳ200 to 220 g at time of renal transplantation. Animal experimentation was performed according to German laws on animal protection.
Kidney Transplantation
Transplantation was performed under ether drop anesthesia. The left kidney of the donor rat was isolated, perfused with ice-cold isotonic sodium chloride solution, excised, and transplanted orthotopically into a weightmatched Lewis recipient. In the recipient, the left renal vein and artery were mobilized and clamped, the ureter was cut and the left kidney was excised. End-to-end anastomosis of renal vessels and of ureter, without ureteral stenting, were performed with 10-0 nonabsorbable nylon sutures. Total ischemic time of the donor kidney varied between 30 and 45 minutes. All transplant kidneys with hydronephrosis, which was evaluated both macroscopically and by light microscopy, were excluded from the experimental groups.
Experimental Protocol
In a first set of experiments, animals were randomly allocated to five experimental groups. Two placebo groups-placebo-14 days (n ϭ 9) and placebo-56 days (n ϭ 17), Fisher to Lewis allografts fed with standard rat cow for 2 and 8 weeks, respectively; two prevention groups: LD-8 weeks group (n ϭ 11) and HD-8 weeks group (n ϭ 10), in which animals were treated with lowdose (LD) and high-dose (HD), respectively, 13cRA for 8 weeks starting at the day of renal transplantation and two therapy groups: LD-6 weeks group (n ϭ 8) and HD-6 weeks group (n ϭ 9), in which rats were treated with low, respectively, HD-13cRA for 6 weeks starting at day 14 after transplantation, when chronic damage could already be seen. The LD of isotretinoin was 2 mg/kg body weight/day and the HD 20 mg/kg body weight/day, administered orally. None of the recipients was treated with any other immunosuppressant.
In the first set of experiments the native contralateral (right) kidney was kept in situ as an internal control for the renal effects of 13cRA. The experimental set-up is schematically shown in Figure 1 . In the second set of experiments, performed for determination of graft function the native contralateral (right) kidney was excised at day 49, and renal function tests were performed at day 56 after renal transplantation; three groups were compared placebo group (n ϭ 5), LD-8 weeks group (n ϭ 5), and HD-8 weeks group (n ϭ 5).
13cRA (Isotretinoin)
To improve homogeneity and oxidative stability, 13cRA (F. Hoffmann-La Roche, Basel, Switzerland) was first incorporated into a lactose-gelatin granular carrier substance including 5% ascorbic acid (Sigma-Aldrich, Deisenhofen, Germany) using a wet granulation method. 13 Rats were fed after 6 p.m. when lights were turned off. Animals were pair-fed to ascertain comparable calorie intake in placebo-and 13cRA-treated animals. The rats had free access to tap water. 
Systolic Blood Pressure Measurement
Systolic blood pressure was determined at weeks 2, 4, and 6 after renal transplantation by tail cuff plethysmography under light ether anesthesia. 18 
Biochemical Analysis
Blood samples were obtained at the time of sacrifice and serum creatinine (enzymatic method), urea nitrogen, calcium, glutamic oxaloacetic transaminase, glutamic pyruvic transaminase, and alkaline phosphatase were determined with a Hitachi 911 autoanalyzer (Roche, Mannheim, Germany).
Solid-Phase Retinoid Extraction and High Performance Liquid Chromatographic Analysis
Under dimmed yellow light, isopropanol (1.5 ml) was added to plasma samples (0.5 ml, 3:1 v:v). 16 After vortexing for 5 minutes at room temperature and centrifugation (5000 rpm, 10 minutes), the supernatant was diluted 1:3 (v:v) with 2% ammonium acetate. Samples were loaded on C2 cartridges (ICT, Bad Homburg, Germany) that were preconditioned with 3.4 ml of methanol followed by 0.6 ml of 2% ammonium acetate solution. After loading, the cartridges were washed with 3 ml of 15% acetonitril/85% in 0.5% ammonium acetate. Samples were extracted in 250 l of methanol and stored in amber light glass tubes at Ϫ20°C until used for high performance liquid chromatography analysis. 19, 20 
Histology and Morphometry
At sacrifice organs (kidneys, heart, lung, thymus, liver, spleen, pancreas, femur) were quickly blotted free of blood, weighed (with the exception of lung, thymus, pancreas), and processed as needed for histology, immunohistology, and molecular analysis. For histology the organs were cut into 1-mm slices and either immersionfixed in 4% formaldehyde in phosphate-buffered saline (PBS) pH 7.35 (PBS: 99 mmol/L NaH 2 PO 4 , 108 mmol/L NaH 2 PO 4 , and 248 mmol/L NaCl) for 24 hours at 4°C, or fixed in Methacarn (60% methanol, 30% chloroform, 10% acetic acid) for 8 hours and then embedded in paraffin. In addition tissue slices were frozen in liquid nitrogen and stored at Ϫ80°C, until used for immunohistology or RNA isolation.
Light microscopy was performed on 3-m sections stained by periodic acid-Schiff, hematoxylin and eosin, and Goldner trichrome. Morphometric evaluation of acute rejection and chronic damage was done according to the Banff classification. 21 In addition results were corroborated by a different evaluation scheme as has been described. 17, 22, 23 Glomerulosclerosis was defined as 0, no sclerosis; 0.5, sclerosis of less than 25% of capillary loops; 1, sclerosis of 26 to 50% of the capillary loops; 2, sclerosis of 51 to 75% of the capillary loops; 3, sclerosis of more than 75% of the capillary loops. Glomerulosclerosis score was calculated as the sum of all specific injury indices, whereby the index of glomeruli with degree 0.5 was multiplied by 0.5, that of degree 1 ϫ 1, that of degree 2 ϫ 2, that of degree 3 ϫ 3 (see Supplemental Table A 
org).
Chronic tubulointerstitial damage was defined as broadening of the basement membrane of the tubuli with flattened epithelium, tubular atrophy, and interstitial matrix increase. It was evaluated as 0.5, focal chronic damage and 1, diffuse chronic damage. Tubulointerstitial damage was judged in 20 high-power fields of cortex (objective, ϫ40), and the tubulointerstitial damage score was calculated as described for the glomerulosclerosis score.
In addition, morphometric analysis was performed using a semiautomatic image analyzing system (Leica Q600; Qwin, Cambridge, UK), to evaluate the chronic changes in preglomerular vessels, glomeruli, and tubulointerstitium. All cross-section of arteries from each kidney were examined (ϫ40 objective). To measure fibrointimal changes a ratio was calculated between the surface having as outline the lamina elastica interna and the free luminal area. Mesangial matrix increases were determined by point-counting method. The results were expressed as a fraction of glomerular surface area in 50 glomeruli. Chronic tubulointerstitial changes were expressed as a percentage of the total tubulointerstitial area, obtained after exclusion of glomeruli in 20 fields (objective, ϫ20) of cortex and outer stripe of outer medulla.
Immunohistochemistry
Immunohistochemical staining was performed on 3-m sections of paraffin-embedded tissue, using mouse anti-rat monoclonal antibodies against ED1 (Serotec, Oxford, UK) to demonstrate monocytes/macrophages in Methacarn-fixed tissues, CD8 (Serotec) to define cytotoxic T cells, Ki67-clone MIP 5 (Dianova, Hamburg, Germany) for the detection of proliferating cells. The last two antibodies were applied to formaldehyde-fixed and microwave-treated tissue sections. An alkaline phosphatase anti-alkaline phosphatase detection system was applied for visualization (DAKO, Hamburg, Germany).
Glomerular-positive cells were counted in at least 50 glomerular cross sections and given as the mean per glomerular section; interstitial-positive cells were counted in 20 high-power fields (ϫ40) of cortex and outer medulla and recorded as mean per high-power field. To localize collagens, streptavidin-biotin-enhanced horseradish peroxidase immunostaining was performed, using rabbit anti-rat polyclonal antibodies against collagen I (Biogenesis, Poole, UK) and collagen III (Chemicon, Temecula, CA).
The extent of the staining was evaluated as 0, no staining detectable; 1, faint; 2, moderate; and 3, intense staining. A degree-specific staining index was defined as the percentage of the fields with the respective degree of staining in 20 high-power fields of cortex and outer medulla. The staining score was calculated as the sum of the specific staining indices, whereby the index of the fields with degree 1 was multiplied by 1, that of degree 2 ϫ 2, that of degree 3 ϫ 3. Controls, omitting the first antibody or replacing the first antibody by a respective mouse or rabbit nonimmune IgG, for each paraffin block tested were negative.
Real-Time Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR)
Tissue mRNA
Total RNA was extracted by the method of Chomczynski and Sacchi. 24 RNA quality was monitored by agarose electrophoresis. Ten g of the total RNA were used for the first-strand cDNA synthesis with Superscript II reverse transcriptase and oligo d(T) [12] [13] [14] [15] [16] [17] [18] primer (LifTechnologies, Karlsruhe, Germany). RT-PCR products from three animals per group were obtained: 1, control group, nontransplanted Fisher344 rat kidneys; 2, placebo; and 3, LD-8 weeks groups from the first set of experiments. Real-time PCR was performed by LightCycler using the LightCycler-FastStart DNA Master SYBR Green I kit (Roche Diagnostics, Mannheim, Germany). The primer sequences for target genes used in this study are shown in Table 1 . Gene expression of 12 genes was investigated by LightCycler as described. 25 
Macrophages and Cytokine Profile
Thioglycolate (3%, w/v; 10 ml) was injected intraperitoneally in two groups of Lewis rats (n ϭ 6 rats/group), pretreated for 14 days with 13cRA (2 mg/kg body weight/ day) and placebo, respectively. After 72 hours peritoneal macrophages were harvested with 40 ml of RPMI containing 10% fetal calf serum. Cells were seeded at 1 ϫ 10 6 per well and incubated for 6 hours in RPMI medium containing 1% streptomycin/penicillin, 1% L-glutamine, and 25 mmol/L Hepes without stimuli. Cells and supernatants were then harvested for protein analyses. Protein expressions of IL-1␣, IL-1␤, IL-2, IL-4, IL-6, IL-10, GM-CSF (granulocyte-macrophage colony-stimulating factor), tumor necrosis factor-␣ (TNF-␣), and IFN-␥ were determined by Bio-Plex cytokine assay (Bio-Rad Laboratories, Munich, Germany) according to the manufacturer's instructions. Supernatant values were referred to the total cellular protein as determined by Lowry and colleagues. 26 
Fibroblasts and Molecular Action of 13cRA on RANTES/CCL5 and IP10/CXCL10
Normal adult human dermal fibroblasts (NHDF6447; BioWhittaker, Europe) and the cell line K4 (cell line of fibroblasts immortalized with SV40 virus) were incubated in Dulbecco's modified Eagle's medium (Life Technologies, Inc., Grand Island, NY) with 10% heatinactivated fetal calf serum. Cells were used between passages 3 to 9.
RANTES/CCL5 and IP-10/CXCL10 Measurement
For induction of RANTES/CCL5 production the cells were trypsinized and seeded in a 96-well plate (enzymelinked immunosorbent assay) or a 6-well plate (TaqMan RT-PCR) for 24 hours in Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum. Then the medium was replaced with fetal calf serum-free medium, followed by further incubation of the cells for 48 hours. After this time the stimulation of both fibroblasts and K4 cells was performed. In dose-response experiments, maximal stimulation was found at 25 or 50 ng/ml TNF-␣ and 50 ng/ml IFN-␥ (Peprotech, Inc.) (data not shown).
Real-time RT-PCR was performed on a TaqMan ABI 7700 sequence detection system (PE Biosystems, Weiterstadt, Germany) using the procedure as described. 27 Sequences with following gene bank accession numbers served for the design of a predeveloped TaqMan assay: AF043341 (human RANTES/CCL5), F439522 (human IP-10/CXCL10), and M33197 (human GAPDH) as housekeeping gene. All of these assay reagents did not amplify genomic DNA samples. Controls consisting of ddH 2 O were negative in all runs. Measurement of RANTES/CCL5 protein was performed using the Duo Set ELISA development system (R&D). This assay uses the quantitative sandwich immunoas- 
Promoter-Reporter Plasmids, Transient Transfection, and Luciferase Reporter Gene Assays
Deletions and site-specific mutants of the human RAN-TES/CCL5 promoter sequence were based on previously described pGL3-based plasmid constructs (pGL3; Promega, Madison, WI). [27] [28] [29] The tk-Renilla plasmid (Promega) was used to normalize transfection data. Per data point, 5 ϫ 10 5 of proliferating K4 cells were transfected using Superfect Reagent (Qiagen, Hilden, Germany). Three hours after transfection, the cells were stimulated with TNF-␣ (Peprotech, Inc.) for 24 hours, with or without 10 Ϫ5 mol/L 13cRA. The Dual-Luciferase reporter assay (Promega) was performed as described. The results are presented as a ratio of Photinus/Renilla-Luciferase and are representative of more than three experiments.
Electrophoretic Mobility Shift Assay (EMSA)
Dermal fibroblasts were stimulated with TNF-␣ (25 ng/ml) and/or IFN-␥ (50 ng/ml) for 2 and 12 hours, and nuclear protein was isolated by using the high-salt extraction method with small modifications. 28, 29 For EMSA, 2.5 g of nuclear protein were incubated with 40 kcpm of 32 Plabeled oligonucleotide coding for the region of interest. Binding conditions for NF-B and GAS-ISRE were as described.
28,29
Antibodies and Gel Shift Oligonucleotides
Transcription factor-specific antibody reagents were purchased from Santa Cruz Biotechnology, Heidelberg, Germany, p50 (sc-114); p52; p65 (sc-109); c-Rel (sc-71X); rel-B (sc-226). Oligonucleotide sequences for consensus or mutant DNA-binding domains were purchased from Santa Cruz [NF-B (sc-2505/sc-2511) GAS/ISRE (sc-2537/sc-2538)].
Statistical Analyses
Data are given as mean values Ϯ SEM. Data were analyzed by using the nonparametric Mann-Whitney test or analysis of variance and Bonferroni's multiple comparison test as appropriate. A P value Ͻ0.05 was considered to show a significant difference.
Results
As shown in Table 2 , body weights between placeboand 13cRA-treated animals were similar at day 56. No significant differences in the absolute and relative weight of organs (eg, kidney, heart, liver, femur) were observed between the placebo and treated groups. In all experimental groups systolic blood pressure remained in the normal range and did not change throughout the experimental period (Tables 3 and 4) . Mean serum creatinine levels were significantly lower in the LD-13cRA-treated groups than in the untreated transplanted rats (second set of experiments) (2.4 Ϯ 1.3 in LD-13cRA and 3.8 Ϯ 1.0 in HD-13cRA versus 8.1 Ϯ 2.4 mg/dl in placebo group, P Ͻ 0.05). Although a slight increase in triglyceride concentration and alkaline phosphatase activity was noted in rats treated with 13cRA, the levels did not reach significance between groups. Cholesterol levels were not influenced by treatment with 13cRA. No clinical signs of retinoid toxicity, ie, hair loss, cheilitis, conjunctivitis, and no histological signs of liver damage and bone loss were found at both doses in the treated animals. 13cRA levels in plasma increased from Ͻ10 ng/ml in control animals to 54 Ϯ 36 ng/ml in animals treated with LD-13cRA and 274 Ϯ 14 ng/ml in animals treated with HD-13cRA. In contrast, the levels of tretinoin were not changed. Alitretinoin levels were detectable in the HD13cRA group. Retinol levels in untreated animals were 1394 Ϯ 379 ng/ml (n ϭ 4) and significantly lower in treated animals [868 Ϯ 526 ng/ml in LD-treated (n ϭ 4) and 758 Ϯ 296 ng/ml (n ϭ 3) in HD-treated animals] (Figure 2 ).
Reduction of Damage by 13cRA
At day 56 after transplantation a severe obliteration with fibrosis and a transmural infiltration of mononuclear cells was observed in the preglomerular arteries of untreated allografts. 13cRA very markedly reduced the vascular rejection score at both the LD and HD treatment (8 week therapy: placebo 83.6 Ϯ 10.4 versus LD-13cRA 22.8 Ϯ 8.3; P Ͻ 0.01) (Supplemental Tables A and B , and Supplemental Figure A at http://ajp.amjpathol.org). By morphometric analysis the subendothelial fibrosis was significantly inhibited in 13cRA allografts compared to the placebo group (P Ͻ 0.01) as shown in Figure 3A and Figure 4 , A and B. In all groups studied glomerulitis was not pronounced 56 days after transplantation (Supplemental Figure B at http://ajp. amjpathol.org). Chronic glomerular injury with mesangial matrix increase and thickening and splitting of the basement membranes corresponding to transplant glomerulopathy were found in the placebo group at day 56. By contrast, the 13cRA-treated grafts showed well preserved glomerular structure (Table 4 ; Figure 3B and Figure 4 , C to H). Glomerulosclerosis was strikingly lower in rats treated with either LD or HD of 13cRA independent of whether the 13cRA was given immediately at transplantation or started 14 days after transplantation (8 weeks therapy: placebo 85.1 Ϯ 13.1 versus LD-13cRA 4.1 Ϯ 2.4; P Ͻ 0001) Tubulointerstitial rejection score and chronic tubulointerstitial damage were markedly lowered by 13cRA treatment in all groups as compared with the placebo group ( Histological grading was done according to Banff classification 1997. 21 The grading scale is from 0 to 3 (0, none present; 1, mild; 2, moderate; 3, severe alterations); c-denotes chronic; glomerulosclerosis was judged accordingly being gs0, no sclerosis; gs1, sclerosis in up to 25%; gs2, to 50%; gs3, more than 50% of all glomeruli.
n.s., Not significant. * Ͻ 0.05, ** Ͻ 0.01, *** Ͻ 0.001 versus placebo 56 days; † Ͻ 0.05, † † Ͻ 0.01, † † † Ͻ 0.001 versus placebo 14 days.
Supplemental Tables A and B and Supplemental Figures C and E at http://ajp.amjpathol.org).
Morphometric measurements of the chronic tubulointerstitial changes in the grafts detected 60 to 70% less injury by 13cRA for all groups compared with the placebo group (P Ͻ 0.01) as presented in Figure 3C and Figure 4 , G and H). At day 14 after transplantation in vehicle-treated rats we observed morphological signs of early CAN (Table 4 ; Supplemental Table A and Supplemental Figures D and E at http://ajp.amjpathol.org). 13cRA given from day 14 after transplantation to day 56 resulted in significantly lower values for mesangial matrix increase, allograft glomerulopathy, fibrous intimal thickening, tubular atrophy, and interstitial fibrosis than in allografts without treatment on day 56. Interstitial fibrosis even was lower in HD-13cRA kidneys than in renal grafts 2 weeks after transplantation (Tables 4 and 5 ). Glomerulosclerosis was reduced by factors 2 to 3 compared to placebo and was significantly lower than in allografts 14 days after transplantation. Tubulointerstitial mononuclear cell infiltration was significantly inhibited in all 13cRA groups (P Ͻ 0.01) ( Table 5 and Figure 5 ). Nevertheless, more than 50% of monocytes/macrophages and CD8-positive T cells remained in the interstitium (Table 5) . Cell proliferation of interstitial cells, as determined by Ki-67 immunohistochemistry, was reduced by more than 60% after 13cRA treatment (Table 5) .
mRNA Expression of Proinflammatory Cytokines/Chemokines
The proinflammatory chemokines MCP-1/CCL-2, MIP-1␣/ CCL-3, IP-10/CXCL10, and RANTES/CCL5 were up-regulated in placebo allografts as compared to normal rat kidneys. Treatment with LD-13cRA led to a significant downregulation in the mRNA expression of these chemokines, almost to levels observed in normal kidney (P Ͻ 0.001) ( Table 6 ). 13cRA therapy was also associated with a significant decrease in the intragraft mRNA expression of the Th1 cytokine IFN-␥ and the Th2 cytokine IL-10 (Table 6) .
Fibrosis-Associated Cytokines and Extracellular Matrix Deposition
Renal cortical expression of PAI-1 (plasminogen activator inhibitor-1) mRNA, and TGF-␤1 mRNA, were consistently up-regulated in the placebo group as compared with normal control kidneys. This expression was Figure 2 . Retinoid plasma levels measured by reverse-phase high performance liquid chromatography. A: Significant dose-dependent increase of 13cRA in plasma (approximately fourfold increase in plasma at a 10-fold dose increase). B and C: Tretinoin levels remained unchanged whereas alitretinoin concentrations tended to increase during HD-13cRA. D: Retinol levels were reduced in association with 13cRA treatment indicating a retinol esterification.
Figure 3. Effects of isotretinoin on chronic graft injury (morphometric analyses). A:
The free luminal area of the preglomerular vessels were 50% higher in 13cRA-treated groups than in placebo grafts. B: 13cRA significantly reduced mesangial matrix expansion in the grafts because controls of the right native kidneys of the placebo animals were used. C: The chronic tubulointerstitial changes were lowered by 60 to 70% by treatment with 13cRA. *P Ͻ 0.05 and **P Ͻ 0.01 versus placebo.
markedly reduced in the 13cRA-treated allografts (P Ͻ 0001) ( Table 6 ). The mRNA expression of collagens I and III as assessed by real-time RT-PCR was also decreased approximately sevenfold by LD-13cRA as compared with the placebo group (P Ͻ 0001) ( Table  6 ). Immunostaining score for collagen I and III showed a significant reduction of these proteins in 13cRA-treated allografts by more than twofold (P Ͻ 0001) ( Table 7 and Figure 6 ).
Effects of 13cRA on Macrophages and Fibroblasts
Cytokine Secretion of Peritoneal Macrophages
Although the 13cRA-treated animals demonstrated a marked reduction in ED1 infiltration, the overall level of monocyte/macrophage infiltration was still significantly increased as compared to normal kidney samples. To determine the effect of 13cRA on monocyte/macrophage activity, thioglycolate elicited peritoneal macrophages were isolated from rats with and without 13cRA treatment for 14 days. Secreted protein expression of nine representative inflammatory cytokines (IL-1␣, IL-1␤, IL-2, IL-4, IL-6, IL-10, GM-CSF, TNF-␣, and IFN-␥) was assessed in the supernatant of activated peritoneal macrophages 6 hours after isolation. 13cRA significantly lowered secretion of all of the cytokines tested ( Figure 7) .
Effects of 13cRA on Fibroblasts
To assess the effect of 13cRA on the resident cells linked to fibrosis and chronic damage, the regulation of genes linked to inflammation and fibrosis in fibroblasts was studied. 4 13cRA mediated suppression of TNF-␣/ IFN-␥-induced chemokine expression (RANTES/CCL5 and IP-10/CXCL10) at the level of mRNA expression, protein production and secretion, and at the level of promoter activity. In primary human dermal fibroblasts 13cRA (10 Ϫ5 mol/L) treatment reduced the immediate (at 6 hours) activation of IP-10/CXCL10 mRNA by twofold and the late (24 hours) activation of RANTES/CCL5 mRNA by approximately fourfold.
The effect of 13cRA on the TNF-␣ induced secretion of RANTES/CCL5 protein by fibroblasts was determined using enzyme-linked immunosorbent assay ( Figure 8A ). 13cRA treatment reduced RANTES/CCL5 secretion in a dose-dependent manner with statistically significant reduction seen at 10 Ϫ8 mol/L (data not shown). To characterize the molecular mechanism of action of 13cRA the effects of treatment on transcriptional control of RANTES/ CCL5 was studied using RANTES-promoter reporter constructs and EMSAs. 30 A full-length RANTES/CCL5 promoter-reporter construct transfected into K4 cells (SV40-immortalized human fibroblast cell line) showed induction of reporter gene activity after stimulation with TNF-␣. This induction was suppressed by 13cRA ( Figure 8B) . A series of functional promoter elements have been previously described in the CCL5 promoter. An Ap1/cre-like region (Ϫ187 to Ϫ196) mediates some transcriptional effects. Two retinoic acid-binding consensus sites for RARF/ RAR.01 (Ϫ strand) agtgaGCTCatcagtttcc (core 0.857 and matrix 0.903 score) and (ϩ strand) gatgaGCTCactctagatg (core 0.857 and matrix 0.903 score) (http:// www.genomatix.de) are found just upstream of this region. In addition, an IRF-like element (Ϫ144 to Ϫ116) has been shown to be functional in fibroblasts. [27] [28] [29] 31 Additional functional elements include dual NF-B elements at (Ϫ69 to Ϫ59) and (Ϫ55 to Ϫ34).
30,31
To assess the functional role of the RAR elements, a deletion of the complete region containing both the RAR and AP1/CRE elements was tested. Although the construct showed the reduced activity associated with elimination of the AP1 element, the resultant TNF-␣-induced reporter gene activity was still inhibited by treatment with 13cRA. Although this cannot absolutely rule out a role for these elements, it clearly demonstrates that other mechanisms control sensitivity to 13cRA ( Figure 8B) .
The IRF-like element and tandem NF-B sites play central roles in mediating the TNF-␣ induced transcription of CCL5. 31 The role of 13cRA on the tandem NF-B sites was assessed using an enhancer trap vector in which a SV40 minimal promoter drives luciferase expression. The CCL5 NF-B elements were cloned as a dimer (four elements in total) in front of the minimal SV40 promoter. Although the reporter construct responded to TNF-␣ stimulation, it was insensitive to treatment with 13cRA ( Figure 8C ). The sites have previously been shown to bind members of the Rel family of transcription factors in response to stimulation with TNF-␣. EMSA assays using the tandem NF-B elements showed no effect on complex formation. Two NF-B complexes were found induced in response to TNF-␣ stimulation. 30 Consistent with the enhancer trap experiment, no changes in the composition of the EMSA shift was seen after treatment with 13cRA ( Figure 8D ). The second element, IRF-1, did not work in the enhancer trap assay (data not shown), but potential changes induced by 13cRA were studied on EMSA using the 25-bp IRF-like region as probe. The results showed the two major complexes previously described. 28, 30 The complexes were not altered by TNF-␣ stimulation. Treatment with 13cRA did not alter the complexes and did not generate new bands.
Discussion
In a rat model of CAN 13cRA primarily preserved renal function and structural integrity of the grafts on a longterm basis. Importantly, 13cRA also considerably slowed progression of CAN. The Fisher 344 to Lewis rat model of chronic rejection is a model of CAN between rat strains differing only in minor histocompatibility antigens. 32 Because the T cell-mediated effects are relatively minor, the model allows focus on the role of innate immune responses within a limited T cell-moderated inflammatory background. Characteristic full-blown histological changes of CAN develop in the allografts as early as 4 weeks. 33 The key glomerular lesions of mesangial expansion, widening and splitting of basement membranes, segmental glomerular sclerosis and the subendothelial thickening of preglomerular vessels, the interstitial fibrosis, and tubular atrophy, are similar to those seen in 
Cells/tubulointerstitial HPF human kidney recipients with CAN. 34, 35 In human kidney grafts macrophages represent a seminal leukocyte population that infiltrate grafts with CAN. A similar infiltrate is seen in this animal model. 36, 37 A number of cytokines/ chemokines (such as TNF-␣, IL-1␤, IFN-␥, MCP-1/CCL2) and growth factors (TGF-␤), known to induce proliferation and increase in matrix production and fibrosis were shown to be up-regulated in the allografts. 36 These factors were all found to be significantly reduced by treatment with 13cRA ( Figures 3 to 5 and Table 6 ).
The central hypothesis driving these experiments is that master regulators may coordinate or modulate the complex interactions of cellular and humoral rejection factors. Nuclear receptors such as glucocorticoid and vitamin D receptors have been shown to possess complex immunosuppressive effects. In former experiments we have demonstrated that retinoids can act as potent agents to modulate inflammatory and fibrosing processes. 13, 14, 17 Retinoids can act through retinoic acid (RAR) and retinoid X (RXR) receptors, members of the nuclear receptor family. Mesangial and tubular epithelial cells express retinoid receptors as do endothelial and inflammatory cells, ie, monocytes/macrophages. 7, 9, 38 Nuclear retinoid receptors influence gene transcription either directly through retinoic acid-responsive elements binding to control region in genes or more indirectly through binding or modulation of other transcription factors, among them activator-protein 1 (AP-1) or NF-B. 10, 11 In the studies outlined here, 13cRA was applied at two different doses. The dose of 20 mg/kg body weight exceeded dosages generally applied in clinical settings by 10-to 20-fold. 39 This dose was chosen to avoid missing potential immunosuppressive effects detectable only at HD as suggested in earlier reports. 6 We show that a dose of 13cRA of 2 mg/kg body weight corresponding to the high dosage limit in humans 39 was as efficient as the high dose. As expected, 13cRA levels in plasma increased in a dose-dependent manner being approximately fourfold higher in HD-than in LD-treated animals. The retinol and tretinoin levels in untreated animals were similar to the ones previously reported. 40 As is seen in humans, 13cRA led to a dose-dependent decrease in retinol concentrations. 6 13cRA effects are thought to be mediated by tretinoin and alitretinoin after isomerization. Alitretinoin could be detected in plasma in the HD group indicating an enzymatic transformation of 13cRA to alitretinoin in tissues. 41, 42 13cRA in both doses significantly reduced the morphological signs of acute rejection. In 13cRA-treated groups serum creatinine, determined in bilaterally nephrectomized allografts, was significantly lower as compared to placebo groups demonstrating that the morphological improvement was translated into an improved renal function. As all animals had systolic arterial blood pressure values in the normal range, the renoprotective effect of 13-cRA could not be attributed to systemic hemodynamic changes. In rats with experimental glomerulonephritis, 13cRA and other retinoids even appeared to inhibit the increases in arterial pressure associated with glomerulonephritis. 13, 14 Kirkman and colleagues 43 reported prolonged survival in a bilaterally nephrectomized renal transplant model in cynomolgus monkeys treated intravenously with 2-trifluororetinin, an aromatic retinoid, at a dose of 2 mg/kg/day; histological data were not provided. The cellular basis of this survival benefit was not investigated. Cytotoxic T-cell activity was suppressed by the same retinoid in sponge matrix allografts. 8 Severe gastrointestinal and skeletal toxicity of this compound were observed in these experiments 8, 42 that were not seen in the experiment reported here.
Beneficial effects of 13cRA and other receptor-specific retinoids on glomerular and tubulointerstitial integrity have been reported by our group in experimental models of inflammatory renal disease. 13, 14 The marked decrease in intimal hyperplasia of the graft vessels by 13cRA administration in this study correlated with reports for differ- ent chronic vascular damage models; tretinoin at high doses has been reported to decrease intimal thickening after balloon catheter injury in the rat carotid artery and to lower vein graft intimal hyperplasia in New Zealand White rabbits. 15, 16 In our previous report, allografts treated with 13cRA for 14 days showed also a marked reduction in acute morphological damage and acute rejection.
One characteristic feature of evolving CAN is the proliferative activity of infiltrated mononuclear cells and resident interstitial cells. The number of proliferating cells, as documented with Ki67-positive cells, was markedly reduced in the 13cRA-treated allografts in glomeruli as well as tubulointerstitium. Apart from malignant cells, retinoids have been shown to inhibit the proliferation of mesangial, vascular smooth muscle cells, endothelia, as well as tubular epithelia. 9, 13, 44 There seem to be several pathways by which retinoids slow cellular growth; one is inhibition of AP-1, but it may also involve the inhibition of cyclin D1 and the stimulation of p21 and p27, inhibitors of the cell cycle. 10, 44 Activated macrophages and T lymphocytes produce a number of cytokines/chemokines, which perpetuate and amplify inflammation. These agents can also partly act as fibrogenic signal molecules. 36, 45 IFN-␥, the signature cytokine of Th1 cells, as well as the chemokines RANTES/CCL5, IP-10/CXCL10, MCP-1/CCL2, and MIP-1␣/CCL3 are implicated in the acute and chronic inflammatory rejection processes associated with CAN. 3, 4, 36 These cytokines were strongly down-regulated in the allografts treated with 13cRA.
The dominant pathological process of CAN is an excessive accumulation of extracellular matrix proteins leading to fibrosis. Monocyte/macrophage cell infiltrates are the major subpopulation of mononuclear cells in fibrotic allografts and are thought to be key mediators in initiating fibrosis by providing profibrotic factors. 36, 37 A 50% reduction in the number of infiltrating monocytes/ macrophages (ED1ϩ) as well as CD8ϩ T cells in tubulointerstitium was seen after 13cRA treatment. Thus, although reduced mononuclear cell infiltrates may explain part of the effects of 13cRA the treated grafts still showed relatively high numbers of monocytes as compared to controls; these monocytes were apparently inactivated with regard to inflammatory stimuli.
CAN is characterized by an elevated expression of TGF-␤1 and PAI-1 proteins. 33 In chronic renal allograft dysfunction a relationship between TGF-␤ mRNA expression and the intensity of cellular infiltration has been described. 45 TGF-␤1 promotes extracellular matrix accumulation by increasing matrix production and potentially by inhibition of matrix degradation (by induction of PAI-1). 46 Retinoids may have moderated fibrosis at least in part by reducing TGF-␤1 expression (Table 6 ). In experimental mesangioproliferative glomerulonephritis 13cRA also reduced the level of TGF-␤1 gene expression significantly more than tretinoin. 47 To further dissect the cellular and molecular mechanisms of inhibition of inflammation and fibrosis by 13cRA two cells centrally involved in these processes: pure monocytes/macrophages and fibroblasts were analyzed with regards to a direct influence of 13cRA on their cytokine profile. In addition, the effect of 13cRA on transcriptional regulation of an inflammatory and fibrogenic chemokine RANTES/CCL5 was studied.
In activated peritoneal macrophages the treatment of rats with 13cRA led to a marked inhibition of cytokine secretion, corroborating the results obtained at the mRNA level in the whole allograft. These data suggest that the suppression of macrophage effector activity may also contribute to the immunosuppressive effect of 13cRA. Although monocytes/macrophages have been reported to be the dominant-acting immunocompetent cell in the model studied, a significant contribution of T cells cannot be negated.
We next tried to elucidate whether 13cRA could also influence mesenchymal cells and if so, how these events may be moderated. To this end transcriptional effects in fibroblasts on the exemplary chemokine gene RANTES/ CCL5 expressed in response to proinflammatory (TNF-␣) stimulation were studied. The results showed that although induction of the gene was inhibited at the transcriptional level, this was not necessarily mediated through consensus RAR elements found in the immediate upstream region of the CCL5 promoter. Elimination of the RAR elements did not influence 13cRA suppression of promoter activity. In addition, reporter gene studies and EMSA results suggest that 13cRA does not act directly through the modulation of levels of NF-B or IRF-1. EMSA experiments failed to demonstrate a change in the constitutive or TNF-␣-induced complexes for IRF-1 or NF- Figure 7C ), no effect of 13cRA on SV40 (NF-B-NF-B)2. D: EMSA using the IRF and NF-B regions of the RANTES/CCL5 promoter. 13cRA without influence on the induction or composition of EMSA complex formation. *P Ͻ 0.05 to stimulation value.
B. 48 Recently it has been shown that a higher order promoter structure referred to as a promoter module comprising two or more factors working in concert can impart selective transcriptional effects. 48 A promoter module comprised of NF-B and IRF-1 factors has been defined. 48 Although indirect, the overall results of the CCL5 promoter analysis suggest that 13cRA may act at the level of the promoter initiation complex, potentially through a promoter module composed of IRF-1 and NF-B. Thus, it appears difficult at this time to predict how individual genes may be influenced by 13cRA because the retinoids can apparently act at different molecular levels, eg, interaction with transcription factors, binding to response elements of promoter regions through retinoid receptors, and modulating promoter initiation complexes. 5 These suppressive effects of 13cRA on the activity of a dominant subgroup of intragraft mononuclear cells, monocytes/macrophages, and on the activity of resident cells involved in fibrotic changes, the fibroblasts are inferential to explain the anti-inflammatory and anti-fibrotic effects of 13cRA in CAN because macrophages and fibroblasts were not studied in situ. Although the experimental in vivo system used here de-emphasized contributions from alloreactive T cells, 13cRA may clearly also act on T cells or other cells (eg, tubular epithelia).
In summary, our data show, that in experimental models of CAN, 13cRA monotherapy led to a significant preservation of renal function and to a decrease of rejection phenomena. CAN was not only inhibited in its development but early chronic changes did not progress when therapy was started 14 days after transplantation. 13cRA in a dose corresponding to dosages used in humans is a potent immunosuppressive and anti-fibrotic agent in experimental renal allografts. Its actions appear directly immunosuppressive and anti-fibrotic as evidenced by effects on chronic inflammatory processes and reduction of fibroblast activity. 13cRA may represent a novel therapeutic option in transplantation, specifically in the prevention of CAN, which up-to-date cannot be successfully treated.
